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Abstract Soybean seeds contain high levels of oil and
protein, and are the important sources of vegetable oil and
plant protein for human consumption and livestock feed.
Increased seed yield, oil and protein contents are the main
objectives of soybean breeding. The objectives of this study
were to identify and validate quantitative trait loci (QTLs)
associated with seed yield, oil and protein contents in two
recombinant inbred line populations, and to evaluate the consistency of QTLs across different environments, studies and
genetic backgrounds. Both the mapping population (SD024-59 × A02-381100) and validation population (SD02911 × SD00-1501) were phenotyped for the three traits in
multiple environments. Genetic analysis indicated that oil
and protein contents showed high heritabilities while yield
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exhibited a lower heritability in both populations. Based on a
linkage map constructed previously with the mapping population and using composite interval mapping and/or interval
mapping analysis, 12 QTLs for seed yield, 16 QTLs for oil
content and 11 QTLs for protein content were consistently
detected in multiple environments and/or the average data
over all environments. Of the QTLs detected in the mapping
population, five QTLs for seed yield, eight QTLs for oil content and five QTLs for protein content were confirmed in the
validation population by single marker analysis in at least
one environment and the average data and by ANOVA over
all environments. Eight of these validated QTLs were newly
identified. Compared with the other studies, seven QTLs for
seed yield, eight QTLs for oil content and nine QTLs for protein content further verified the previously reported QTLs.
These QTLs will be useful for breeding higher yield and
better quality cultivars, and help effectively and efficiently
improve yield potential and nutritional quality in soybean.
Keywords Soybean · Yield · Oil · Protein · Quantitative
trait loci (QTLs) · Molecular breeding

Introduction
Soybean (Glycine max (L.) Merr.) is one of the major
field crops grown worldwide. Seeds of soybean are rich
in oil (averaged 20 %) and protein (averaged 40 %) (Clemente and Cahoon 2009), and thus soybean is an important source of vegetable oil for human consumption and
industrial applications and is also an important source of
plant protein for human food and livestock feed (Chiari
et al. 2004; Yesudas et al. 2013). Increases in seed oil and
protein contents of soybean would enhance the competitiveness of the crop. It has been reported that within the
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USDA soybean germplasm collection, the phenotypic variation ranged from 8.1 to 27.9 % for oil and from 34.1 to
56.8 % for protein, respectively (Wilson 2004). It indicates
that there is a great potential for the improvement of soybean oil and protein. However, simultaneous increases in
both oil and protein contents can be realized to a limited
extent only, since there is generally a significant negative
correlation between oil and protein contents in soybean
seeds (Burton 1987). Improvement of the overall yield of
soybean means more oil and protein in terms of production
per unit area. Therefore, increasing seed yield potential is
the most important objective of soybean breeding. Identification and validation of QTLs associated with soybean
yield, oil and protein contents will help the improvement
of these important traits.
Soybean seed yield, oil and protein contents are quantitatively inherited traits controlled by multiple genes that
may show small or large effects. Numerous QTLs for seed
yield, oil and protein contents have been previously identified in soybean and each of the 20 chromosomes (Chr) carries one or more QTLs (Diers et al. 1992; Lee et al. 1996;
Brummer et al. 1997; Orf et al. 1999; Csanadi et al. 2001;
Yuan et al. 2002; Wang et al. 2004; Hyten et al. 2004; Guzman et al. 2007; Palomeque et al. 2009a, b; Yesudas et al.
2013). Diers et al. (1992) mapped two major QTLs controlling oil and protein contents on linkage groups E and
I, which were originally named linkage groups A and K
by Diers et al. (1992) (Sebolt et al. 2000). Brummer et al.
(1997) evaluated eight different populations from the Midwest USA for seed oil and protein contents in multiple environments. Seven QTLs for oil content and nine QTLs for
protein content were detected in one or more populations.
Hyten et al. (2004) identified four QTLs for protein content,
six QTLs for oil content and seven QTLs for seed size in a
recombinant inbred line (RIL) population consisting of 131
F6-derived lines. Kabelka et al. (2004) used the population
of BSR 101 × LG82-8379 to map QTLs associated with
seed yield and other agronomic traits in 12 environments.
Fifteen QTLs for seed yield, 3 QTLs for oil content and 11
QTLs for protein content were detected. Wang et al. (2004)
identified four seed yield QTLs across environments on
linkage groups C2, E, K and M in five populations each
consisting of 57–112 BC2F4-derived lines from a cross of
Glycine max × Glycine soja. Guzman et al. (2007) evaluated the agronomic traits and yield performance of three
backcross-derived populations in 2 years. Thirteen QTLs for
seed yield were mapped on linkage groups A1, B2, C1, C2,
J, K, L and O. More recently, Yesudas et al. (2013) detected
11 QTLs for oil and protein contents and seed weight on
linkage groups A1, A2, B1, C2, D1b, E, H, I and N in the
RIL population EF94.
One of the objectives of QTL analysis in plants is to
facilitate the application of molecular markers to practical
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breeding, i.e. marker-assisted selection (MAS). For MAS,
favorable alleles could be easily introgressed into and
then expressed in an elite line if they are independent of
environments and genetic backgrounds (Palomeque et al.
2010). Although numerous QTLs for seed yield, oil and
protein contents have been identified in soybean, the
QTLs that can be consistently verified across multiple
environments and different genetic backgrounds are still
very limited. To date, only a few QTLs for seed yield, oil
and protein contents have been verified. Orf et al. (1999)
used amplified fragment length polymorphism (AFLP)
markers and simple sequence repeat (SSR) markers to
identify QTLs for agronomic traits across four environments in three RIL populations. Five QTLs for seed yield,
six QTLs for oil content and five QTLs for protein content were detected, but most of them were detected in
only one population and no QTL could be confirmed in
all three populations. Csanadi et al. (2001) identified four
markers for protein content, three markers for oil content
and eight markers for seed weight in an F2 population
derived from a cross of two early maturing soybean cultivars. Only 4 of the 15 QTL regions were also reported
in previous studies (Csanadi et al. 2001). Concibido et al.
(2003) mapped a QTL for seed yield on linkage group B2
from a population of 265 BC2 individuals derived from a
cross between HS-1 and wild soybean (Glycine soja Sieb.
and Zucc.) PI 407305. They further assessed the QTL
effects in various elite soybean genetic backgrounds, and
found that the effect of the yield QTL was observed in
only 2 of 6 genetic backgrounds. Li et al. (2008) used
two BC2F4 populations to map and validate QTLs for
yield and yield components in three environments. Eleven
QTLs were mapped but only one QTL for seed yield,
which was linked to the marker Satt511 on linkage group
A1, was confirmed in the two populations. Palomeque
et al. (2009a) mapped five mega-environment-universal
and two mega-environment-specific QTLs for seed yield
in a RIL population derived from the cross OAC Millennium × Heinong 38 across multiple environments in
China and Canada. But none of the seven QTLs for seed
yield was confirmed in the validation RIL population of
Pioneer 9071 × 8902 in their subsequent study (Palomeque et al. 2010). Therefore, validation of known QTLs
and identification of new QTLs will facilitate the effective
use of MAS in practical breeding.
The objectives of this study were: (1) to identify QTLs
for seed yield, oil and protein contents in a RIL mapping
population of SD02-4-59 × A02-381100 in five environments; (2) to validate the QTLs using a different RIL population derived from a cross of SD02-911 × SD00-1501 in
three environments; and (3) to confirm previously identified QTLs and determine the stable QTLs which were consistent with other studies.
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Materials and methods

Statistical analysis

Plant materials and trait evaluation

ANOVA was performed to determine the significance of
genotypic differences among the RILs and genotype by
environment interactions in the mapping and validation
populations using SAS version 9.1 (SAS Institute Inc.,
Cary, NC). Heritability was estimated on the line mean
2
basis as h2 = σ 2g/[σ 2g + (σ ge
/e) + (σ2/re)], where h2 rep2
2
resents the heritability, σ gis genotypic variance, σ ge
is
2
genotype × environment interaction variance, σ is error
variance, r is number of replications and e is number of
environments (Fehr 1987).

Two RIL populations of soybean were used for QTL mapping and validation in this study. The mapping population
for QTL identification of seed yield, oil and protein contents consisted of 87 F5-derived RILs by single-seed decent
(SSD) from the cross of SD02-4-59 × A02-381100, as
described previously in QTL analysis of fatty acids(Wang
et al. 2012, 2014). The parent SD02-4-59 was a breeding
line developed by South Dakota State University, and A02381100 was a low-linolenic line developed by Iowa State
University. The validation population, consisting of 196
F5-derived lines, was developed by single-pod decent (a modified SSD) (Fehr 1987) from a cross of SD02-911 × SD001501. Both of the parents were developed by South Dakota
State University, SD02-911 was a breeding line and SD001501 is a released high-protein line (PI 662943).
The mapping population was phenotyped for seed yield,
oil and protein contents in five environments. All the 87
F5-derived RILs were planted at Aurora, SD in 2009 and
2010 (designated as E09AU and E10AU, respectively),
Beresford, SD in 2009 (E09BF) and 2011 (E11BF), and
Volga, SD in 2011 (E11VG). Due to lack or loss of seeds,
the parents were not included in the phenotyping experiments (Wang et al. 2012, 2014). In order to confirm the
presence and effects of the QTLs identified in the mapping
population, the validation population was evaluated for
seed yield, oil and protein contents in three environments,
i.e. all 196 F5-derived RILs and two parents were planted
at Aurora, SD in 2011(E11AU), and Volga, SD (E12VG)
and Brookings, SD (E12BK) in 2012. Both the mapping
and validation populations were planted in the same plot
technique and experimental design in all environments,
i.e. the RILs were planted in two-row plots with two replications in a randomized complete block design (RCBD).
Plots were planted at 26 seeds m−1 in rows 4.42 m long
with a 0.76 m row spacing. After full maturity (R8), all
plots were harvested with a plot combine and the yield data
(kg ha−1) was obtained on a 13 % moisture basis. All seeds
from each plot were dried in an air-dryer, and then sieved
and cleaned by hand to remove the remnants of pods and
branches and the broken seeds. Cleaned seeds were stored
in cardboard boxes for the seed composition analysis. Seed
oil and protein contents were determined using a DA7200
near-infrared (NIR) analyzer (Perten Instruments, Sweden).According to the manufacturer’s guidelines, approximately 290 g of cleaned whole seeds were loaded into the
sample cup and data were read three times per sample and
the averages were used in statistical analysis. Data of seed
oil and protein contents were presented on a 0 % moisture
basis.

Linkage map and QTL analysis
The linkage map used for the mapping population in this
study was the same as that was previously used in QTL
analysis of unsaturated fatty acids (Wang et al. 2014).A
total of 1,428 single nucleotide polymorphism (SNP) and
1,077 SSR markers were screened for polymorphism in
the mapping population. Of them, 516 SNP and 477 SSR
markers exhibited polymorphism and, as well as three
GmFAD3 genes, were used to genotype the population.
The markers for which data were missing in more than 10
lines and which exhibited significant segregation distortion
(i.e. significant at P = 0.01) were excluded from the map
construction (Wang et al. 2014). Except those markers that
could not be mapped to any linkage group, a total of 311
SNP and 399 SSR markers as well as the three GmFAD3
genes were finally mapped on a linkage map, which covered all 20 soybean chromosomes and spanned a total
length of 2,099.9 cM with an average interval length of
3.2 cM (Wang et al. 2014).
QTL analysis was conducted in WinQTLCart version
2.5 (Wang et al. 2005) and QTL IciMapping version 3.1
(Wang et al. 2011) for each environment and the average
data over five environments in the mapping population.
Single marker analysis (SMA), interval mapping (IM), and
composite interval mapping (CIM) were performed. Based
on permutation tests performed 1,000 times at α = 0.05 for
experiment-wise Type I error and referring to the empirical
threshold values widely used for QTL mapping (Bachlava
et al. 2009; Panthee et al. 2006; Tucker et al. 2010), a LOD
value of 2.5 was set as the threshold for significance of a
QTL. In a few cases, the QTLs with a LOD value above
2.0 (equivalently P = 0.002 and significant at P < 0.01 for
ANOVA) were also declared significant to avoid missing of
QTLs due to slightly lower significance (Cornelious et al.
2005; Wang et al. 2014; Yesudas et al. 2013). However,
the QTLs that could be detected in only one environment
in the mapping population were not declared significant in
this paper. Therefore, only the QTLs that were detected by
CIM and/or IM as well as SMA in at least two individual
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Table 1  Descriptive statistics for yield (kg ha−1), oil and protein contents (%) in the mapping population of SD02-4-59 × A02-381100 over five
environments (2009–2011) and in the validation population of SD02-911 × SD00-1501 over three environments (2011 and 2012)
Trait

Mean

Mapping population
Yield
2,285.1 ± 241.8
Oil
18.4 ± 0.9
Protein
42.4 ± 1.3
Validation population
Yield
2,477.6 ± 170.3
Oil
20.9 ± 0.6
Protein

39.7 ± 0.8

Range

Fg

Fe

Fg×e

LSD0.05

h2

1,784.9–3,065.7
16.3–20.4
40.2–46.0

6.2**
71.0**
71.6**

957.9**
939.7**
1,097.6**

2.2**
4.4**
4.4**

269.8
0.3
0.4

0.65
0.94
0.94

1,748.1–3,012.5
17.3–21.8

1.9**
11.2**

308.4**
319.9*

1.6**
1.9**

325.3
0.5

0.19
0.84

8.1**

279.0**

2.4**

0.8

0.71

38.3–43.6

Fg, Fe, and Fg×e represent F values for genotype, environment and genotype × environment interaction, respectively

h2 heritability

* and ** significant at P < 0.05 and 0.01, respectively

environments or in one environment and the average data
over all five environments are presented in this paper. To
verify the independence of the QTLs/loci which were
located on the same linkage group with the same source of
favorable alleles, a comparison of two-locus combinations
was performed based on the results of ANOVA (Jiang et al.
2007).
QTL validation
To validate the QTLs identified in the mapping population, all the 1,077 SSR markers screened in the mapping
population were also screened for polymorphism between
SD02-911 and SD00-1501, the parents of the validation
population. All the polymorphic SSR markers on the linkage groups that carried QTLs for seed yield, oil and/or
protein content in the mapping population were selected to
genotype all the RILs of the validation population. SMA
was performed in WinQTLCart version 2.5 (Wang et al.
2005) and QTL IciMapping version 3.1 (Wang et al. 2011)
to detect the associations between the markers and the traits
of interest. As described above, a LOD value of 2.5 was set
as the threshold for significance of a QTL in the validation
population. A comparison between two groups of RILs carrying different marker alleles was also conducted based on
ANOVA over all environments to verify the significance of
the marker/locus-trait associations (Jiang et al. 2007).

Results
Phenotypic analysis and heritability
ANOVA results showed that the differences among RILs
in both mapping and validation populations were highly
significant for all three traits (P < 0.01, Table 1). The
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environmental differences and genotype × environment
interaction effects were also highly significant for both
populations (P < 0.01, Table 1). Over all environments,
the mapping population exhibited a higher average protein
content but lower averages of seed yield and oil content
than the validation population (Table 1), and the differences
between extremes were similar in the two populations
though they were not evaluated simultaneously. The range
of variation for each of the traits was quite large for both
populations (Table 1). For the validation population, transgressive segregation was observed for all three traits (the
averages of SD02-911 and SD00-1501 were 2757.3 and
2,125.1 kg ha−1 for yield, 21.7 and 20.0 % for oil content,
and 38.8 and 43.2 % for protein content, respectively). Of
the three traits investigated, oil content showed high heritability in both populations (0.94 and 0.84, respectively).
Yield showed moderate heritability in the mapping population (0.65), but low heritability (0.19) in the validation population. For protein content, the estimate of heritability was
high (0.94) in the mapping population and moderate (0.71)
in the validation population (Table 1).
QTL analysis in the mapping population
A total of 39 QTLs were identified for seed yield, oil and
protein contents in the mapping population. For seed yield,
12 QTLs were mapped on linkage groups B2, D2, E, F,
G, I, J, K, M and O by CIM and/or IM analysis (Table 2).
On both linkage group D2 and I, two QTLs with the same
source of favorable alleles for seed yield were detected.
The comparison of QTL combinations based on ANOVA
showed that there were cumulative effects for the two
QTLs on the same linkage group (Table 3), indicating that
the two QTLs on either linkage group D2 or I were independent of each other. The QTLs on linkage groups B2, D2
and I (qYIE-B2, qYIE-D2-2 and qYIE-I-2) were repeatedly

Satt547

Satt273

Satt540

BARC-050013-09288

J (16)

K (9)

M (7)

O (10)

qYIE-J

qYIE-K

qYIE-M

qYIE-O

Satt009

Sat_084

Satt581

N (3)

N (3)

O (10)

qOIL-N-1

qOIL-N-2

qOIL-O

BARC-030863-06956

BARCSOYSSR_04_1400

BARC-040777-07848

Satt274

B1 (11)

C1 (4)

C1 (4)

D1b (2)

qPRO-B1

qPRO-C1-1

qPRO-C1-2

qPRO-D1b

Protein

BARCSOYSSR_09_1171

Satt451

I (20)

qOIL-I-1

K (9)

Satt472

G (18)

qOIL-K

BARCSOYSSR_15_1073

E (15)

qOIL-E

qOIL-G

BARC-057033-14543

BARCSOYSSR_17_0690

D2 (17)

qOIL-D2

BARCSOYSSR_16_1244

Satt274

D1b (2)

qOIL-D1b

I (20)

Satt580

D1a (1)

qOIL-C1-2

qOIL-D1a

J (16)

BARC-044521-08714

C1 (4)

qOIL-C1-1

qOIL-I-2

Sat_140

C1 (4)

qOIL-B1

qOIL-J

BARC-060051-16321

BARCSOYSSR_11_0545

A1 (5)

B1 (11)

qOIL-A1

Oil

BARCSOYSSR_20_0049

BARCSOYSSR_20_0750

I (20)

I (20)

qYIE-I-1

qYIE-I-2

BARCSOYSSR_13_0105

BARCSOYSSR_18_0306

F (13)

G (18)

Satt685

E (15)

qYIE-E

qYIE-F

BARCSOYSSR_17_0900

D2 (17)

qYIE-D2-2

qYIE-G

BARCSOYSSR_14_1375

Sct_192

B2 (14)

D2 (17)

Peak markerb

qYIE-B2

LG (Chr #)

qYIE-D2-1

Yield

QTLa

Satt274

BARC-044521-08714

Satt338

Satt251

BARCSOYSSR-10_1394

Satt125

Satt009

BARC-014813-01678

Satt431

BARC-021887-04232

Satt562

Satt472

Satt452

Sat_222

Satt274

Satt580

BARCSOYSSR_04_0343

Sat_140

BARC-016539-02087

Sat_374

BARCSOYSSR_10_1395

Satt540

Satt273

Sat_370

BARC-041129-07912

BARCSOYSSR_20_0049

Satt235

BARCSOYSSR_13_0119

BARCSOYSSR_15_1453

BARCSOYSSR_17_0844

BACRSOYSSR_17_0118

BARC-059265-15700

Int-Lc

Interval

Sat_289

BARC-064861-18829

BARCSOYSSR_04_1400

BARC-032333-08951

BARC-050013-09288

Satt584

Satt641

BARCSOYSSR_09_1171

Sat_350

BARC-057049-14550

Satt614

BARCSOYSSR_18_1699

Satt045

BARCSOYSSR_17_0690

Staga002

BARC-054393-12560

BARC-040777-07848

BARCSOYSSR_04_0366

BARCSOYSSR_11_0545

BARC-029787-06340

BARC-050013-09288

BARC-023593-05477

BARCSOYSSR_09_1171

Satt547

BARCSOYSSR_20_0782

BARCSOYSSR_20_0079

BARCSOYSSR_18_0306

BARCSOYSSR_13_0105

Satt685

BARC-056215-14153

BARC-021477-04128

BARCSOYSSR_14_1375

Int-R c

2.5–3.4

2.1–3.3

2.4–3.0

2.1–2.9

3.0–5.3

2.3–3.9

2.1–3.3

3.5–4.8

2.2–3.6

3.0–4.0

3.0–3.9

2.7–5.9

2.6–6.4

2.6–5.1

2.1–2.7

2.1–3.2

2.0–2.1

2.2–2.4

2.1–2.8

2.9–7.6

2.6–8.6

2.2–3.3

2.5–2.8

2.5–8.5

2.4–8.9

2.7–4.9

2.3–2.7

2.2–3.8

3.0–3.2

2.2–5.3

3.3–6.3

3.0–3.4

LOD

0.5 to 0.7

−0.5 to −0.6

−0.5 to −0.6

0.5 to 0.6

−0.4 to −0.5

−0.3 to −0.5

−0.3 to −0.5

0.3 to 0.4

−0.3 to −0.5
0.3 to 0.5

0.3 to 0.5

−0.3 to −0.4

0.3 to 0.6

0.2 to 0.4

−0.3 to −0.4

0.3 to 0.4

0.3 to 0.4

−0.3 to −0.4

−0.3 to −0.5

0.3 to 0.5

69.3 to 160.7

114.3 to 182.2

−92.1 to −188.3

88.1 to 129.1

119.7 to 207.1

111.6 to 231.3

−100.2 to −221.3

123.1 to 184.9

92.8 to 126.4

111.0 to 169.5

65.2 to 222.6

126.4 to 195.7

A.Ed

Table 2  QTLs for seed yield, oil and protein contents detected by CIM/IM method in the mapping population of SD02-4-59 × A02-381100

12.3 to 16.4

11.2 to 17.1

11.9 to 14.6

11.0 to 15.7

14.5 to 22.9

12.0 to 18.9

11.6 to 15.9

7.9 to 11.6

11.3 to 17.7

15.1 to 20.0

14.5 to 20.1

5.6 to 13.5

9.0 to 26.5

5.6 to 11.9

10.1 to 13.1

10.4 to 15.8

10.1 to 10.5

13.2 to 15.0

12.7 to 16.2

6.6 to 23.0

5.6 to 24.0

14.3 to 21.1

13.4 to 14.5

6.7 to 27.8

15.9 to 37.3

19.0 to 30.6

11.3 to 13.2

11.1 to 18.2

14.6 to 16.0

10.9 to 24.0

6.9 to 20.6

14.4 to 20.2

R2 (%)

1, 2, 0

2, 5, 0

3–5, 0

3–5, 0

2–5, 0

1–5, 0

2, 3, 0

1, 2

1–5, 0

2–5, 0

2–5, 0

2–5, 0

1–5, 0

3–5, 0

1–4, 0

3–5, 0

2, 3, 5

2, 3, 5, 0

1, 2, 4, 0

1, 5, 0

1–3

4, 0

1, 2, 0

3, 0

1–3, 0

1, 2, 0

2, 3

1, 2, 0

3, 0

1–3, 0

4, 0

1–3, 0

Enve

VAL; 7, 14

12

9

VAL; 2

VAL

VAL; 14

VAL

VAL

3, 5, 11, 16, 19

VAL

7

VAL; 14

VAL; 13, 14, 17

14, 19

VAL

14

1, 12, 19

VAL; 18

VAL; 9, 12, 18,
19, 20

6, 9, 18, 19, 20, 21

6

18

VAL

18

VAL

VAL; 4, 6, 12, 18

References f
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Satt584

N (3)

qPRO-N

Sat_084

BARCSOYSSR_09_1123

BARC-021887-04232

Satt587

BARCSOYSSR_20_0049

BARCSOYSSR-17_0646

BARCSOYSSR_17_0900

Int-Lc

Interval

Satt584

BARCSOYSSR_09_1171

BARC-057049-14550

Satt354

Satt562

BARCSOYSSR-17_0621

Sat_300

Int-R c

2.2–3.8

2.7–3.0

2.7–6.5

3.3–9.5

4.5–7.9

2.4–2.7

2.4–3.4

LOD

0.4 to 0.6

0.5 to 0.6

0.6 to 0.7

−0.6 to −1.1

−0.7 to −1

−0.5 to −0.6

−0.6 to −0.7

A.Ed

11.1 to 17.9

14.4 to 14.6

14.0 to 31.9

8.7 to 33.8

21.9 to 37.0

13.2 to 26.0

11.7 to 16.3

R2 (%)

2–5, 0

3, 4

1–5, 0

1–5, 0

1–5, 0

1–4, 0

1–5, 0

Enve

10

VAL; 10

3, 11, 16, 19

8, 17

VAL

VAL; 20

References f

c

Env environments in which QTLs were detected. 1–5 and 0 indicate environment E09AU, E09BF, E10AU, E11VG and E11BF, and the average data over five environments, respectively

Indicating that the QTL was confirmed in the validation population of SD02-4-59 × A02-381100 in this study (VAL) and/or has been reported previously in the reference(s): 1. Brummer et al.
(1997); 2. Chapman et al. (2003); 3. Chung et al. (2003); 4. Concibido et al. (2003); 5. Csanadi et al. (2001); 6. Guzman et al. (2007); 7. Hyten et al. (2004); 8. Jun et al. (2008); 9. Kabelka et al.
(2004); 10. Lee et al. (1996); 11. Nichols et al. (2006); 12. Orf et al. (1999); 13. Panthee et al. (2005); 14. Qi et al. (2011). 15. Reinprecht et al. (2006); 16. Sebolt et al. (2000); 17. Shi et al.
(2010); 18. Smalley et al. (2004); 19. Specht et al. (2001); 20. Wang et al. (2004); 21. Yuan et al. (2002). See references part for detailed information

f

e

A.E additive effect. The positive value indicates that the A02-381100 homozygous alleles increase the values of traits, or the SD02-4-59 alleles decrease the values of traits, and vice versa.
The unit of additive effect is kg ha−1 for seed yield and percent (%) based on dry seed weight for oil and protein contents

d

Peak marker at which the maximum LOD was exhibited

Int-L and Int-R indicate the left and right side marker of the interval, respectively

b

QTL for the same trait detected in different environments with the same or overlapping marker interval was designated as one QTL. The QTLs shown in bold are new ones that were different
from those previously reported but validated in the validation population (see “Discussion” section for detail)

a

BARC-057033-14543

Satt273

I (20)

K (9)

qPRO-I-3

qPRO-K

BARCSOYSSR_20_0079

BARC-041129-07912

I (20)

I (20)

qPRO-I-1

qPRO-I-2

BARCSOYSSR_17_0900

BARCSOYSSR-17_0621

D2 (17)

D2 (17)

qPRO-D2-1

Peak markerb

LG (Chr #)

qPRO-D2-2

QTLa

Table 2  continued
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Table 3  Cumulative effect of the two QTLs which were located on the same linkage group and had the same source of favorable alleles for seed
yield, oil and protein contents in the mapping population of SD02-4-59 × A02-381100 over five environments
QTL combination

Allelea

Meanb

qYIE-D2-1 + qYIE-D2-2

A+A
A+S
S+A
S+S
A+A
A+S
S+A
S+S
A+A
A+S
S+A

2,445.2 ± 754.8
2,275.1 ± 734.8
2,338.4 ± 757.0
2,075.2 ± 696.4
2,410.3 ± 785.0
2,226.0 ± 740.7
2,333.1 ± 768.6
2,117.8 ± 653.5
17.9 ± 1.2
18.6 ± 1.2
18.4 ± 1.0

qYIE-I-1 + qYIE-I-2

qOIL-N-1 + qOIL-N-2

S+S

18.9 ± 1.1

c
b
b
a
c
ab
bc
a
a
b
abc

QTL combination

Allelea

Meanb

qPRO-C1-1 + qPRO-C1-2

A+A
A+S
S+A
S+S
A+A
A+S
S+A
S+S
A+A
A+S
S+A

41.5 ± 1.4
42.3 ± 1.7
42.3 ± 1.7
43.7 ± 1.8
41.8 ± 1.6
43.3 ± 1.4
42.7 ± 1.8
43.2 ± 1.8
41.6 ± 1.5
42.6 ± 1.5
42.0 ± 1.4

qPRO-D2-1 + qPRO-D2-2

qPRO-I-1 + qPRO-I-2

c

S+S

a

A Homozygous alleles for A02-381,100, and S Homozygous alleles for SD02-4-59, respectively

b

Means with different letters within the same two-QTL combination were significantly different at P < 0.05 by LSD

detected in three environments and the average data over all
environments, explaining 14.4–20.2 %, 10.9–24.0 % and
15.9–37.3 % of the phenotypic variation, respectively. The
QTL on linkage group O (qYIE-O) was detected in three
environments, but was not detected by the combined data.
The QTLs on linkage group F, I and K (qYIE-F, qYIE-I-1
and qYIE-K) were detected in two environments and the
average data over all environments, accounting for 11.1–
18.2 %, 19.0–30.6 % and 13.4–14.5 % of the total variation, respectively. The QTLs on linkage group D2, E, J and
M (qYIE-D2-1, qYIE-E, qYIE-J and qYIE-M) were detected
in one environment and the average data. The QTL on linkage group G (qYIE-G) was detected in two environments,
explaining 11.3 % and 13.2 % of the total variation.
Sixteen QTLs for oil content were identified on linkage
groups A1, B1, C1, D1a, D1b, D2, E, G, I, J, K, N and O by
CIM and/or IM analysis (Table 2). Two QTLs (qOIL-N-1
and qOIL-N-2) with the same source of the favorable allele
were mapped on linkage group N. The results of ANOVA
for the comparison of QTL combinations showed that there
was a significant cumulative effect for them (Table 3),
indicating that these two QTLs were independent of each
other. The QTLs on linkage groups E, J and N (qOIL-E,
qOIL-J and qOIL-N-2) were consistently detected in all
the five environments and the average data, explaining
9.0–26.5 %, 11.3–17.7 % and 12.0–18.9 % of the total variation, respectively. The QTLs on linkage groups D1b, G,
I and O (qOIL-D1b, qOIL-G, qOIL-I-1 and qOIL-I-2, and
qOIL-O) were consistently detected in four environments
and the average data. The QTLs on linkage groups B1, C1,
D1a and D2 (qOIL-B1, (qOIL-C1-1, qOIL-D1a, and qOILD2) were detected in three environments and the average
data. The QTLs on linkage groups C1 and K (qOIL-C1-2

43.6 ± 1.7

a
b
b
c
a
c
b
c
a
b
b
c

and qOIL-K) were identified in three and two environments, respectively, but were not mapped in the average
data. The QTLs on linkage groups A1 and N (qOIL-A1 and
qOIL-N-1) were detected in two environments and the average data, accounting for 6.6–23.0 % and 11.6–15.9 % of
the variation, respectively.
Eleven QTLs for protein content were identified on linkage groups B1, C1, D1b, D2, I, K and N by CIM and/or
IM analysis (Table 2). Two QTLs with the same source
of favorable alleles were mapped on each of the linkage
groups C1, D2 and I. The results of group comparisons
for QTL combinations indicated that the two QTLs on
the linkage group C1, D2 or I exhibited significant cumulative effects (Table 3), and thus, in each case, they were
independent of each other. One QTL on linkage group D2
(qPRO-D2-1) and three QTLs on linkage group I (qPROI-1, qPRO-I-2 and qPRO-I-3) were consistently detected in
all the five environments and the average data, explaining
11.7–16.3 %, 21.9–37.0 %, 8.7–33.8 % and 14.0–31.9 %
of the phenotypic variation, respectively. The QTLs on
linkage groups D2 and N (qPRO-D2-2 and qPRO-N) were
consistently identified in four environments and the average data, explaining 13.2–26.0 % and 11.1–17.9 % of the
phenotypic variation, respectively. The QTLs on linkage
groups B1 and C1 (qPRO-B1 and qPRO-C1-1) were repeatedly detected in three individual environments and the
average data. Another QTL on linkage group C1 (qPROC1-2) and the QTL on linkage group D1b (qPRO-D1b)
were detected in two environments and the average data,
accounting for 11.2–17.1 % and 12.3–16.4 % of the phenotypic variation, respectively. The QTL on linkage group
K (qPRO-K) was detected in two individual environments,
explaining 14.4–14.6 % of the variation. This QTL was the
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only one for protein that could not be detected in the average data in this study.
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Discussion
Heritability of seed yield, oil and protein contents

Validation of the QTLs in the RIL population
of SD02‑911 × SD00‑1501
Of 1,077 SSR markers screened, 249 SSR markers showed
polymorphism between the two parents of the validation
population. Two hundred and six polymorphic SSR markers were located on the 16 linkage groups that carried QTLs
associated with seed yield, oil and/or protein content in the
mapping population (Table 2). Thus the 206 polymorphic
SSR markers were selected to genotype all the RILs in the
validation population. SMA and ANOVA for comparisons
between different allele groups over all environments indicated that 18 QTLs for seed yield, oil and protein contents
were confirmed in the validation population (Table 4).
Five QTLs for seed yield on the linkage groups B2,
D2, F, M and O were confirmed in the validation population in the environment E12BK and the average data over
three environments (Table 4). The favorable alleles for all
the QTLs in the validation population were derived from
the parent SD02-911, except for the QTL on linkage group
F, which was inherited from the parent SD00-1501. The
QTL on linkage group O showed a larger additive effect in
the validation population than in the mapping population,
while other validated QTLs showed similar magnitudes of
additive effects in both populations.
Eight QTLs for oil content on linkage groups C1, D1b,
D2, G, J, K, N and O were confirmed in the validation population (Table 4). The QTLs on linkage groups D2, G and
N (qOIL-D2, qOIL-G and qOIL-N) were confirmed in all
three environments and the combined data. The QTL on
linkage group K (qOIL-K) was confirmed in two environments and the combined data in the validation population.
The QTLs on linkage groups C1, D1b, J and O (qOILC1-1, qOIL-D1b, qOIL-J and qOIL-O) were confirmed in
the environment E12BK and the average data. The favorable alleles for six QTLs detected in the validation population were derived from the parent SD02-911, while the
QTLs on linkage groups D1b and O (qOIL-D1b and qOILO) were derived from the parent SD00-1501.
Five QTLs for protein content on linkage groups B1,
D1b, D2 and K were confirmed in the validation population
(Table 4). Two QTLs on linkage group D2 (qPRO-D2-1
and qPRO-D2-2) and the QTLs on linkage group B1 and
D1b (qPRO-B1 and qPRO-D1b) were detected in two environments and the average data in the validation population.
The QTL on linkage group K (qPRO-K) was confirmed
in one environment and the average data. The favorable
alleles for all the protein QTLs confirmed in the validation
population were derived from the same source, i.e. the parent SD00-1501.
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Seed yield is the most important trait, and oil and protein
contents are the economically important quality traits in
soybean. There were significant differences in all three
traits among the RILs in the two populations in this study
(P < 0.01, Table 1). Previous studies indicated that the estimates of heritability for oil and protein contents varied
from 0.07 to 0.89 and 0.56 to 0.92, respectively, depending on the populations and the environments (Lee et al.
1996; Brummer et al. 1997; Csanadi et al. 2001; Chung
et al. 2003; Hyten et al. 2004). In our study, the estimated
heritability was 0.94 for both oil and protein content in
the mapping population, and 0.84 and 0.71 in the validation population, respectively (Table 1), which was comparable to the results of most previous studies. Yuan et al.
(2002) reported a heritability of 0.47 for yield across four
environments with a range from 0.25 to 0.50 within specific environments. Guzman et al. (2007) reported a range
of 0.77–0.87 for the heritability of yield across multiple
environments, depending on the population. Palomeque
et al. (2009a) estimated the heritability of yield in soybean
based on multiple-environment data and found that the estimates were 0.64 in China and 0.89 in Canada, respectively.
In our study, the heritability across environments for yield
was 0.65 in the mapping population and 0.19 in the validation population (Table 1), which was comparable to those
reported by Yuan et al. (2002) and that in China by Palomeque et al. (2009a), but lower than those reported by Guzman et al. (2007) and that in Canada by Palomeque et al.
(2009a). Compared with the validation population, the
mapping population showed higher estimates of heritability for seed yield, oil and protein contents. This should be
attributed to the differences in population size and experimental error between the two populations.
QTLs for yield
In this study, 12 QTLs for seed yield were detected in the
mapping population and 5 of them were verified in the validation population (Table 2). Orf et al. (1999) and Smalley et al. (2004) reported a yield QTL linked to the marker
Satt066 on linkage group B2. Concibido et al. (2003) identified a yield-enhancing QTL in the same region on linkage
group B2 from Glycine soja (Siebold and Zucc.) in a population derived from the cross of HS-1 × PI 407305. Guzman et al. (2007) also mapped this yield QTL to the same
region on linkage group B2. Our results further confirmed
the previously reported QTL on linkage group B2, because
the yield QTL on linkage group B2 detected in this study
shared the same marker (Satt534) which was associated

39.4 ± 1.0
39.2 ± 0.8

39.5 ± 1.0

39.3 ± 1.0
39.5 ± 1.0

20.5 ± 1.0

21.3 ± 0.8

21.4 ± 0.7

21.1 ± 0.8

40.4 ± 1.5
39.8 ± 1.3

41.0 ± 1.7

39.9 ± 1.3
41.1 ± 1.6

21.1 ± 0.8

20.5 ± 0.6

20.9 ± 0.9

20.6 ± 0.9

20.4 ± 0.7

20.4 ± 0.7

21.1 ± 0.9

20.6 ± 0.9

2,375.6 ± 399.8

2,360.3 ± 385.9

2,536.3 ± 374.7

2,414.2 ± 409.9

2,431.4 ± 394.9

Dd

−1.0***
−0.6***

−1.6***

−0.6***
−1.7***

−0.6***

0.8***

0.5***

0.5***

1.0***

1.0***

−0.3*

0.5***

170.7***

185.2***

−220.8***

126.8***

142.7***

Difference

*, ** and *** Significant at P < 0.05, 0.01 and 0.001, respectively, based on ANOVA for two groups of RILs carrying different marker alleles over all three environments

Env environments in which the associated SSR markers were confirmed in the validation population of SD02-911 × SD00-1501. 1–3 and 0 indicate environment E11AU, E12VG and E12BK,
and the average data over three environments, respectively

c

B and D indicate the homozygous allelic means of SD02-911 and SD00-1501 over three environments, respectively

2,3,0
3, 0

2,3,0

1,3,0

2,3,0

3,0

1–3, 0

2,3,0

3, 0

21.4 ± 0.7

21.4 ± 0.7

20.8 ± 0.6

21.1 ± 0.8

2,546.3 ± 373.1

2,545.5 ± 373.7

2,315.5 ± 413.8

2,541.0 ± 372.8

2,574.1 ± 364.6

Bd

d

13.4
2.7

16.2

20.7

5.4

2.8

18.3

4.4

4.0

1–3, 0

1–3, 0

3, 0

3, 0

3, 0

3, 0

3, 0

3, 0

3, 0

Env.c

LOD score from the results of single marker analysis of seed yield, oil and protein contents over three environments in the validation population of SD02-911 × SD00-1501

BARCSOYSSR_17_0621
BARCSOYSSR_09_1171

Sat_300

Staga002

Satt251

Satt581

Satt009

BARCSOYSSR_09_1171

Sat_350

34.9

27.7

2.6

3.7

4.3

5.4

3.8

2.6

6.4

LODb

A and S indicate the homozygous allelic meansof A02-381100 and SD02-4-59 over five environments, respectively

−1.1***
0.7***

−1.0***

0.9***

1.2***

−0.8***

−0.7***

0.4***

0.7***

BARCSOYSSR_18_1758

Sat_222

Satt459

Sat_140

Satt243

Sat_226

Sat_298

Sct_192

Satt534

Validated marker

b

42.1 ± 1.7
42.7 ± 2.0

43.2 ± 1.8
42.0 ± 1.5

42.9 ± 1.9

41.8 ± 1.5

41.9 ± 1.6

42.7 ± 1.9

41.8 ± 1.7

18.9 ± 1.1

18.9 ± 1.1

43.0 ± 1.8

18.1 ± 1.2

18.2 ± 1.2

18.3 ± 1.2

18.0 ± 1.3

−0.7***

0.6***

−0.6***

−0.6***

114.5**

180.2***

−218.5***

153.9***

178.2***

Difference

Validation population

a

qPRO-D2-2
qPRO-K

qPRO-D2-1

qPRO-D1b

qPRO-B1

qOIL-O
Protein

qOIL-N-1

18.7 ± 1.3

qOIL-K

18.8 ± 1.1

qOIL-J

18.8 ± 1.1

18.1 ± 1.2

18.1 ± 1.2

18.7 ± 1.2

qOIL-G

18.8 ± 1.2

qOIL-D2

18.2 ± 1.2

qOIL-D1b

18.7 ± 1.2

2,208.6 ± 656.3

18.1 ± 1.2

2,323.1 ± 793.5

qOIL-C1-1

qYIE-O
Oil

2,209.1 ± 732.0

2,357.9 ± 774.8

2,139.3 ± 665.7

2,389.3 ± 750.9

qYIE-M

qYIE-F

2,366.4 ± 748.6

2,204.5 ± 699.4
2,212.5 ± 738.9

S

a

2,382.7 ± 791.8

A

a

Mapping population

qYIE-D2-1

qYIE-B2

Yield

QTL

Table 4  Means of RILs carrying different alleles of the validated QTLs for seed yield (kg ha−1), oil and protein contents (%) in the mapping population of SD02-4-59 × A02-381100 and in the
validation population of SD02-911 × SD00-1501
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with the QTL reported by Concibido et al. (2003). In this
study, two QTLs for seed yield (qYIE-D2-1 and qYIED2-2) were detected on linkage group D2 with peak
marker Sct_192 and BARCSOYSSR_17_0900, respectively. Smalley et al. (2004) reported that SSR markers
Sctt008, Satt135 and Satt311 were significantly associated
with seed yield. Referring to the public genetic map (Song
et al. 2010, supplementary Table 1), Sct_192 is at 13.3 cM,
Sctt008 is at 4.5 cM and Satt135 is at 25.5 cM. Thus,
qYIE-D2-1 is about 10 cM away from markers Sctt008 and
Satt135. Additional studies will help to determine if qYIED2-1 is the same QTL as previously reported or not. On the
integrated soybean genetic map version 2010 (Song et al.
2010), the marker BARCSOYSSR_17_0900 is located
close to Satt311 (<2 cM), indicating that qYIE-D2-2 confirmed the QTL linked to Satt311 (Smalley et al. 2004).
Smalley et al. (2004) identified three markers (Satt127,
Satt239 and Satt270) on linkage group I were associated
with seed yield. The peak marker for qYIE-I-2, BARCSOYSSR_20_0750, is located close to Satt270 (<2 cM) on
the integrated linkage map (Song et al. 2010), indicating
that qYIE-I-2 should be the same QTL as the one reported
by Smalley et al. (2004). The peak marker for qYIE-I-1 is
located far away (>15 cM) from the QTLs on linkage group
I reported by Yuan et al. (2002) and Smalley et al. (2004),
suggesting that qYIE-I-1 might be a new QTL for seed
yield. The QTL on linkage group J (qYIE-J) detected in
this study is consistent with the QTL reported by Guzman
et al. (2007), because both QTL regions covered the same
marker Satt547. Previous studies have repeatedly identified
a QTL in the 35.0–45.0 cM region of linkage group K on
the integrated linkage map (Specht et al. 2001; Yuan et al.
2002; Smalley et al. 2004; Kabelka et al. 2004; Wang et al.
2004; Guzman et al. 2007). It was further confirmed in our
study since the peak mark (Satt273) for qYIE-K was also
located within that region on the integrated linkage map
(Song et al. 2010).
The QTL (qYIE-M) on linkage group M identified in this
study shared the same marker Satt540 with the QTL identified by Smalley et al. (2004), which was also detected by
Orf et al. (1999), Specht et al. (2001), Kabelka et al. (2004)
and Wang et al. (2004). Smalley et al. (2004) found a QTL
associated with Satt331 on linkage group O. Referring to
the consensus linkage map (Song et al. 2004), the peak
marker for the QTL on linkage group O (qYIE-O) identified
in this study is about 2.6 cM away from Satt331. Therefore, the QTL qYIE-O should be the same as reported by
Smalley et al. (2004). QTLs on linkage groups E, F and
G have been previously reported (Orf et al. 1999; Reyna
and Sneller 2001; Specht et al. 2001; Kabelka et al. 2004;
Wang et al. 2004). However, the QTLs qYIE-E, qYIE-F
and qYIE-G identified in this study were located far away
(i.e. >15 cM) from the QTLs identified in other studies
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according to the integrated linkage map (Song et al. 2010).
In summary, therefore, qYIE-E, qYIE-F and qYIE-G as
well as qYIE-D2-1 and qYIE-I-1 discussed above might be
new QTLs for seed yield.
QTLs for oil content
For oil concentration, 16 QTLs were detected in the mapping population and 8 of them were verified in the validation population (Table 2). Brummer et al. (1997) identified
an oil QTL linked to a restriction fragment length polymorphism (RFLP) marker A975-1 on linkage group A1. Orf
et al. (1999) and Specht et al. (2001) confirmed this QTL
associated with SSR markers Satt258, Satt225 and Satt174
in a region of 77.1–82.8 cM on linkage group A1 on the
integrated linkage map (Song et al. 2010). In our study,
the marker interval for qOIL-A1 overlapped the region of
77.1–82.8 cM on linkage group A1, suggesting that qOILA1 confirmed the QTL reported previously (Brummer et al.
1997; Orf et al. 1999; Specht et al. 2001). Qi et al. (2011)
identified a QTL for oil content on linkage group B1 with
the marker interval Satt197-Satt251, which overlapped the
marker interval for qOIL-B1 identified in this study. Thus,
qOIL-B1 should be the same QTL on linkage group B1 as
reported by Qi et al. (2011).
Specht et al. (2001) mapped a QTL for oil content associated with the marker Satt468 on linkage group D1a, and
Qi et al. (2011) confirmed this QTL in the population of
Charleston × Dong nong594. The marker interval for the
QTL qOIL-D1a identified in this study covered the marker
Satt468 on the integrated linkage map (Song et al. 2010),
indicating that qOIL-D1a should be the same QTL reported
previously (Specht et al. 2001; Qi et al. 2011). Panthee
et al. (2005), Shi et al. (2010) and Qi et al. (2011) mapped a
QTL for oil content in a similar region with marker Satt274
and Satt459 on linkage group D1b. On the integrated linkage map (Song et al. 2010), the marker interval of qOILD1b identified in this study covered Satt274 and Satt459.
Therefore, our results further confirmed the known QTL
on linkage group D1b (Panthee et al. 2005; Shi et al. 2010;
Qi et al. 2011). On linkage group D2, a QTL for oil content was identified by Qi et al. (2011). Its marker interval
Sat_001-Sat_114 on the integrated linkage map (Song et al.
2010) is similar to the marker interval of qOIL-D2 identified in this study. Thus, our results confirmed the QTL on
linkage D2 reported by Qi et al. (2011). Hyten et al. (2004)
identified a QTL for oil content associated with marker
Satt268 on linkage group E. The peak marker for qOILE, BARCSOYSSR_15_1073, is located close to Satt268
(<2 cM) on the integrated linkage map, which confirmed
the QTL reported by Hyten et al. (2004).
Previous studies have repeatedly confirmed a QTL for
oil content in the region of 20–30 cM on linkage group I
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(Sebolt et al. 2000; Specht et al. 2001; Csanadi et al. 2001;
Chung et al. 2003; Nichols et al. 2006). Two QTLs for oil
content were detected on linkage group I in this study. The
marker interval for qOIL-I-1 was also located within the
region of 20–30 cM on linkage group I, indicating qOILI-1 should be the same QTL reported previously (Sebolt
et al. 2000; Specht et al. 2001; Csanadi et al. 2001; Chung
et al. 2003; Nichols et al. 2006). Since no common markers were used, a comparison with previous studies could
not be made, thus we could not determine if qOIL-I-2 is a
new QTL for oil content. Qi et al. (2011) identified a QTL
for oil content on linkage group N with the marker interval Satt009-Satt530. On the integrated linkage map (Song
et al. 2010), this interval shares the same interval marker
Satt009 for one of the two QTLs (qOIL-N-1) detected in
this study. However, for another QTL on linkage group N
(qOIL-N-2), no marker close to its interval was identified in
previous studies. Therefore, qOIL-N-1 confirmed the previous report (Qi et al. 2011), while qOIL-N-2 should be a
new QTL for oil content. In addition, QTLs for oil content
have been identified on linkage groups C1 (Orf et al. 1999;
Kabelka et al. 2004; Fasoula et al. 2004), G (Brummer
et al. 1997; Specht et al. 2001; Qi et al. 2011), J (Chr 16)
(Specht et al. 2001; Kabelka et al. 2004), K (Brummer et al.
1997; Csanadi et al. 2001), and O (Panthee et al. 2005; Shi
et al. 2010). Referring to the integrated linkage map (Song
et al. 2010), however, the marker intervals of these QTLs
are located far away (i.e. >15 cM) from the intervals of the
QTLs identified in this study. Therefore, the QTLs on linkage groups C1 (qOIL-C1-1 and qOIL-C1-2), G (qOIL-G), I
(qOIL-I-2), J (qOIL-J), K (qOIL-K), N (qOIL-N-2) and O
(qOIL-O) identified in this study appear to be new QTLs
for oil content.
QTLs for protein content
In this study, 11 QTLs for protein content were detected
in the mapping population and 5 of them were verified in
the validation population (Table 2). On linkage group B1,
Chapman et al. (2003) identified a QTL for protein content associated with marker Satt251 in an F2 and F4:6 soybean population of Essex × Williams. The QTL qPRO-B1
shared the same marker Satt251 and thus confirmed the
QTL reported by Chapman et al. (2003). Kabelka et al.
(2004) and Orf et al. (1999) detected two QTLs for protein
content on linkage group C1 associated with the markers
Satt338 and Satt578, respectively. Referring to the integrated linkage map (Song et al. 2010), the marker intervals
for qPRO-C1-1 and qPRO-C1-2 contained Satt338 and
Satt578, respectively. Therefore, these two QTLs validated
the QTLs reported previously (Kabelka et al. 2004; Orf
et al. 1999). On linkage group D1b, a QTL for protein content associated with the SSR marker Satt459 was identified
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by Hyten et al. (2004) and confirmed by Qi et al. (2011).
Our results (qPRO-D1b) further confirmed this QTL since
the marker Satt459 is located within the marker interval of
qPRO-D1b. Reinprecht et al. (2006) reported a QTL for
protein content on linkage group D2 with marker Satt389.
On the integrated linkage map (Song et al. 2010), the
marker Satt389 is located at 68.2 cM, which is very close to
the marker interval or region (71–76 cM) for qPRO-D2-1.
Therefore, qPRO-D2-1 identified in this study might be the
same as the QTL reported by Reinprecht et al. (2006). No
marker being located close to the marker interval of qPROD2-2 has been reported previously to be significantly associated with protein content, suggesting that qPRO-D2-2
should be a new QTL for protein content.
Jun et al. (2008) and Shi et al. (2010) reported a QTL
for protein content on linkage group I associated with the
marker Satt571, which is located at 14.9 cM on the integrated linkage map (Song et al. 2010). The interval for
qPRO-I-1 covered the marker Satt571, and thus we suppose that qPRO-I-1 is the same QTL (Jun et al. 2008; Shi
et al. 2010). Another QTL for protein content on linkage
group I, which is located in the region of 29.6–31.5 cM
on the integrated linkage map, was repeatedly verified by
different research groups and proven to be the most stable
QTL for protein content (Sebolt et al. 2000; Specht et al.
2001; Chung et al. 2003; Nichols et al. 2006). Our results
further validated this QTL, because the marker interval for
qPRO-I-2 identified in this study is at 31.5–46.2 cM on
the integrated linkage map. Since no comparable markers
were used, it could not be assured that qPRO-I-3 identified in this study is a new QTL for protein content. Additional studies will be needed to verify this conclusion. Lee
et al. (1996) identified two protein QTLs associated with
marker A065_3 or gac34-2, which were located on linkage
groups K and N, respectively. Referring to the GmComposite2003 map (Soybase), the marker intervals for qPROK and qPRO-N detected in this study covered the marker
A065_3 and gac34-2, respectively. It indicated that our
results confirmed the reported QTLs on linkage groups K
and N (Lee et al. 1996). As discussed above, however, two
QTLs (qPRO-D2-2 and qPRO-I-3) identified in this study
were not reported previously. Therefore, we would suppose
that these two QTLs are new ones for protein content in
soybean.
Relationship between seed yield, oil and protein content
Previous studies indicated that there were negative correlations between seed yield or oil content and protein content,
but positive correlation between yield and oil (Burton 1987;
Lee et al. 1996; Brummer et al. 1997; Chung et al. 2003;
Panthee et al. 2005; Yesudas et al. 2013). Phenotypic analysis of correlation in both mapping and validation population
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Fig. 1  Map locations of QTLs overlapped or closely located for seed yield, oil and protein contents in the mapping population of SD02-459 × A02-381100

also exhibited similar results (data not shown). Based on
the QTL information as described above, it is noted that
some QTLs associated with one trait were also detected for
other one or two traits in the mapping population (Fig. 1),
suggesting that these QTLs might have pleiotropic effects
or might be closely linked. The QTLs on linkage group D2,
I and K for yield, oil and protein content, the QTLs on linkage group B1, C1, D1b and N for oil and protein content,
and the QTLs on linkage group E and O for oil content
and yield were situated in close proximity to one another
(the marker intervals were overlapped or located less than

13

2 cM away) (Table 2; Fig. 1). Of the closely located or
overlapped QTLs, the QTLs on linkage group D2 (qYIED2-2, qOIL-D2 and qPRO-D2-1) and I (qYIE-I-1, qYIE-I-2,
qOIL-I, qPRO-I-1 and qPRO-I-2) exhibited positive effects
on yield and oil, but negative effects on protein. The QTLs
on linkage group B1 (qOIL-B1 and qPRO-B1), C1 (qOILC1-2 and qPRO-C1-2), D1b (qOIL-D1B and qPRO-D1B)
and N (qOIL-N-2 and qPRO-N) exhibited opposite genetic
effects on oil and protein. The QTLs on linkage group E
(qYIE-E and qOIL-E) for yield and oil content exhibited
positive effects on both traits. The effects of these QTLs
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showed high consistency with the results of phenotypic
correlation analysis. Contrarily, however, the effects of
QTLs on linkage group O (qYIE-O and qOIL-O) were positive for yield but negative for oil content, and the QTLs on
linkage group K (qOIL-K and qPRO-K) exhibited positive
effects on both oil and protein contents. In addition, there
were also several QTLs which were specific for yield, oil or
protein (Table 2), suggesting that there might be possibility to improve the traits simultaneously to some extent by
pyramid the favorable alleles. Molecular information may
provide a better understanding of the relationships among
traits, like yield, oil and protein contents in soybean.
Population size and QTL identification
In general, large populations are more effective in detecting QTLs, especially for minor-effect QTLs. Along with
an increase of population sizes, however, control of the
experimental error in phenotyping might become less easy,
and the consistency between different environments could
decrease with increased population sizes. Using the same
field experimental design, a large population size may
lower the level of QTL consistency for lower heritability
traits. Therefore, appropriate population sizes depend on
different factors and considerations. In practical studies, the
sample sizes varied considerably, from 60 to 380 (Melchinger et al. 2000). A small population with appropriate variation should be considered effective if the results can be
repeatedly verified in multiple environments and/or across
multiple populations (Cornelious et al. 2005; Yesudas et al.
2013). As discussed previously (Wang et al. 2012, 2014),
the mapping population in this study was small, consisting
of 87 F5-derived RILs, and might be less effective in detecting minor-effect QTLs than a larger population. However,
phenotyping for the three traits of interest (seed yield, oil
and protein contents) was conducted in five independent
environments, and the QTLs identified were repeatedly
detected in multiple environments and in the combined data
over all environments. Moreover, to verify the QTLs identified in the mapping population, a large validation population consisting of 196 RILs was phenotyped in three independent environments and genotyped with all polymorphic
SSR markers which were also associated with the QTLs
identified in the mapping population. Consequently, about
half of the QTLs identified in the mapping population were
confirmed in the validation population both by SMA in at
least one environment and in the average data over all three
environments and by ANOVA over all environments. Of
these validated QTLs, eight QTLs were not reported previously, and thus they should be new ones as highlighted in
Table 2. In addition, as discussed above, of the 39 QTLs
identified in this study, 24 QTLs (seven for yield, eight for
oil content and nine for protein content) have been detected
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in previous studies (Table 2). This means that most of
the QTLs identified in our study were consistent with the
results of other studies. Therefore, the results of this study
are reliable and informative, though the mapping population was relatively small. However, the proportions of total
variation explained by single QTLs were close to or greater
than 10 % in most cases. Thus, the genetic effects of the
QTLs identified in the mapping population might be overestimated due to the small population size (Beavis 1994).
The effectiveness of QTL identification and validation
is also dependent on the heritability of traits of interest. In
this study, the QTLs for seed yield were less repeatedly or
less consistently detected in multiple environments than
those for oil and/or protein. It is understandable because the
estimates of heritability for yield were obviously smaller
than those for oil and protein (Table 1). Compared with the
mapping population, the validation population exhibited
a lower level of QTL consistency or repeatability because
of larger population size and lower heritability. Controlling the experimental errors helps to enhance repeatability
and is important especially for QTL mapping with a large
population.
In conclusion, 12 QTLs for seed yield, 16 QTLs for
oil content and 11 QTLs for protein content were consistently detected in multiple environments and/or the average
data over all environments in the mapping population. Of
the QTLs detected in the mapping population, five QTLs
for seed yield, eight QTLs for oil content and five QTLs
for protein content were confirmed in the validation population by both SMA and ANOVA over all environments.
Eight of these validated QTLs were newly identified and
are first reported here. Furthermore, seven QTLs for seed
yield, eight QTLs for oil content and nine QTLs for protein
content also verified the previously reported QTLs. Therefore, most of the QTLs identified in the mapping population were either confirmed in different studies or validated
in a different population, and will be useful for breeding
higher yield and better quality soybean cultivars. In addition, some QTLs were specific for seed yield, oil content or
protein content, while some QTLs associated with one trait
were also overlapped with or closely linked to the QTLs
of other one or two traits. All this information provides a
better understanding of the relationships among seed yield,
oil and protein contents, and will help effectively and efficiently improve yield potential and nutritional quality in
soybean.
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